Abstract: This paper presents an application of the TOPKAPI model, a physically based, fully distributed hydrologic model, to flood simulation at three unique and flood prone sites in China. The TOPKAPI model was applied with a grid size of 1 kmϫ 1 km and a time step varying from 1 to 24 h based on the basin conditions and data availability. Model calibration was chiefly based upon moderate variations of parameter values from the ones estimated on physical grounds. The three case studies demonstrated that the model performed well for flood simulation. The TOPKAPI model represents a comprehensive process-based model, which offers a wide range of capability for flood forecasting application, and has potential in prediction of ungauged basins.
Introduction
Diverse models, ranging from the extremely simplified tools that are possibly recalibrated in real time to the systems based on complex process-based rainfall-runoff models, have been developed for flood forecasting. Processes-based rainfall-runoff models have the principal advantage that they explicitly represent the runoff-generation mechanism in terms of the underlying physics, such as infiltration, exfiltration, and the lateral distribution of soil moisture and the localized saturation of the subsurface in a spatially distributed manner. This type of process representation adds to the model complexity but precludes continuous recalibration of the model for the changing environmental conditions ͑Arduino et al. 2005͒ . While these models are generally overparameterized, several attempts in the literature have reduced the number of necessary parameters by integrating the governing equations over suitable control volumes or characteristic spatial entities. The TOPKAPI model ͑Ciarapica and Todini 2002; Todini 2002, 2005; Bartholmes and Todini 2005; Arduino et al. 2005͒ , a physically based rainfallrunoff model, is one of such process-based hydrological models with parsimonious parameterization. Based on integrating the nonlinear kinematic wave model in space, the TOPKAPI model formulation results in three structurally similar nonlinear reservoir differential equations, representing the drainage in the soil layer, the overland flow on saturated or impervious soil layer, and the channel flow along the drainage network. Computations are done on a computational grid usually based on the basin digital elevation model ͑DEM͒. The parameter values of the TOPKAPI model are shown to be scale independent and can be obtained from digital elevation data, soil maps, vegetation, and land use maps ͑Ciarapica and Todini 2002͒.
For investigating the applicability of the TOPKAPI model and the possibility of applying the model to the prediction in ungauged basins ͑PUB͒, the model applied for flood simulation in three flood-prone Chinese catchments with unique features and climate conditions. Testing of the TOPKAPI model for the three catchments was conducted with a grid size of 1 kmϫ 1 km and a time step varying from 1 to 24 h according to the basin conditions and data availability. Model calibration was chiefly based upon moderate variations of parameter values from the ones estimated on physical grounds. A graphical user interface was developed by using the ArcView GIS software, which has facilitated the processing of the geographical information data for input to the TOPKAPI model.
TOPKAPI Model Description
TOPKAPI is a physically based, fully distributed rainfall-runoff model based on the lumping of a kinematic wave assumption in the soil, on the surface, and in the drainage network, and leads to transforming the rainfall-runoff and runoff routing processes into three nonlinear reservoir differential equations ͑Ciarapica and Todini 2002; Liu and Todini 2002; Liu et al. 2005͒. The TOPKAPI model ͑Liu and represents the primary hydrological processes, such as interception, snowmelt, evapotranspiration, infiltration, percolation, interflow, surface flow, groundwater flow, and channel flow. The model is a grid-based spatially distributed approach. All the components are possibly activated on an individual grid cell of the DEM. The three fundamental components of interflow, surface flow, and channel flow for flood simulation in the form of structurally similar nonlinear reservoir equations.
Interflow
Interflow at a point in the soil can be approximated by means of a kinematic wave model. The point assumption is integrated up to a finite pixel dimension in a generic cell, thus converting the original differential equation into a nonlinear reservoir differential equation based upon physically meaningful parameters. The averaged interflow from the cell during the computation time interval can be calculated using the respective water balance calculation in the cell. Subsequently, at each time step the saturation excess volume ͑surface runoff͒ can be obtained by calculating the soil water balance ͑Liu and Todini 2002, 2005͒
where v 1 ϭupper soil water volume stored in the cell; Xϭgrid cell size; f a ϭinfiltration into the cell; f b ϭpercolation rate to the lower soil layer; q 0 u ϭdischarge entering the active cell as overland flow from the upstream contributing area; q s u ϭdischarge entering the active cell as interflow from the upstream contributing area; Lϭupper soil depth; k sh 1 ϭhorizontal soil saturated hydraulic conductivity in the upper soil layer; ␤ϭland surface slope; s ϭsaturated soil moisture content; r ϭresidual soil moisture content; e ϭeffective soil moisture content; and ␣ s ϭexponent of the transmissivity law for the upper soil.
Surface Flow "Overland Flow… Component
Similar to the soil component, overland flow routing is described using the kinematic approach in which the momentum equation is approximated by means of Manning's formula. By analogy, calculation is done for the soil, assuming that the surface water depth is constant over the cell and integrating the kinematic equation over the longitudinal dimension gives the nonlinear reservoir model for the overland flow for a generic cell as
where V 0 ϭsurface water volume in the cell; r 0 ϭsaturation excess resulting from the solution of the soil water balance, n 0 ϭManning friction coefficient for the surface roughness; C 0 = ͑tan ␤͒ 1/2 / n 0 ϭcoefficient relevant to the Manning formula for overland flow; and ␣ 0 =5/ 3ϭexponent derived from using the Manning formula.
Channel Flow Component
Similar considerations also apply to the channel network, which is assumed to be tree shaped with reaches having wide rectangular cross sections. In this case the channel surface width is not constant but is assumed to be increasing towards the catchment outlet. Under these assumptions, the following nonlinear reservoir model for the channel flow can be written for a generic reach as
where V c ϭvolume of water stored in a generic channel reach; Wϭwidth of the rectangular channel reach, which is taken to increase as a function of the area drained by the cell on the basis of geomorphologic considerations; Q c u ϭinflow discharge from the upstream reaches; r c ϭlateral drainage input, including the overland runoff reaching the channel reach and the soil drainage reaching the channel reach; C c = s 0 1/2 / n c ϭcoefficient relevant to the Manning formula for channel flow; s 0 ϭriver bed slope, assumed to be equal to the ground surface slope; n c ϭManning friction coefficient for the channel roughness; and ␣ c =5/ 3 ϭexponent derived from the Manning formula. A more detailed description of the model can be found in Liu and Todini ͑2002͒ and Liu et al. ͑2005͒.
Case Studies

General Description of Catchments
The test application of the TOPKAPI model for flood simulation was conducted in three Chinese catchements with different basin features and climate conditions. They are the upper Longmenzhen subbasin of the Yihe River in the lower reaches of the Yellow River with an area of 5,318 km 2 ͑herein after referred to as "the Yihe River test basin"͒ located in a semihumid climate zone, the upper Xixian subbasin in Huaihe River with an area of about 10,000 km 2 ͑herein after referred to as "the Huaihe River test basin"͒ located in the humid climate zone, and the Qingjiang River basin in the upper Yangtze river with an area of about 15,500 km 2 ͑herein after referred to as "the Qingjiang River test basin"͒ located in a highly humid climate zone. Locations of the test basins are shown in Fig. 1 .
Data Preparation
The required data for the TOPKAPI model include terrain data ͑e.g., digital terrain models ͑DTM͒ or DEM data, land survey data͒, soil survey data, and vegetation or land use data, leaf area index ͑LAI͒ data, geographical coordinates, and hydrometeorological data ͑e.g., precipitation data, evapotranspiration, or air temperature data͒.
Digital Elevation
The original digital elevation data was obtained from the USGS HYDRO1k data set, which is available at ͗http://edcdaac.usgs.
gov/gtopo30/hydro/͘ ͑2000͒. The topographical parameters within a grid are calculated using the 1-km spatial resolution DEM.
The "stream burning" technique has been incorporated in the geographic information system ͑GIS͒ preprocessors of the model application. By using this technique, the main channel of the river was simulated well even for the lower reaches of the river. This feature might have enhanced the usability of the 1 kmϫ 1 km grid DEM.
Soil
Soil properties are based on the digital soil map of the world and derived soil properties on CD-ROM ͑FAO 1996͒, which was developed with a 5-min resolution using the FAO-UNESCO soil classification, and soil properties such as porosity and saturated hydraulic conductivity are derived for each soil type. The soil-water properties, i.e., water-retention relationship and unsaturated hydraulic conductivity, are represented by Van Genuchten's formula ͑1980͒, and parameters are available with this data set. The depth of the upper soil layer is initially estimated using the FAO-UNESCO digital soil map of the world ͑FAO 1996͒. A mean value of the depth is specific for each soil class. The depth of unconfined aquifers is somewhat arbitrarily chosen as 5-10 times the upper soil depth.
Land Use
The land cover is obtained from the USGS Global Land Cover Characteristics Data Base Version 2.0, available at ͗http://edcdaac.usgs.gov/glcc/global_int.html͘ ͑2000͒. The data have a spatial resolution of 1 km. Based on the USGS classifica- Hourly measurements for 24 rain gauges and daily measurements for one evaporation station are available for the Huaihe River test basin, while discharge measurements are available for the hydrological stations of Zhuoganpu and Xixian. Hourly measurements for 27 rain gauges and daily measurements for one evaporation station are available for the Qinjiang River test basin, while discharge measurements were available for the Changyang hydrological station.
Model Calibration and Evaluation
Principal parameters required for each grid cell in the TOPKAPI model are shown in Table 1 of Liu et al. ͑2005͒. The initial model parameter values were estimated from the literature. Certain soil parameters ͑e.g., residual soil moisture content, saturated soil moisture content, field capacity, and saturated soil hydraulic conductivity͒ were based on the USDA soil texture class index by referring to the USDA parameters table for the Green-Ampt infiltration model ͑Maidment 1993͒, and a soil parameter table used in the VIC model ͑Liang et al. 1996͒, which is available online at ͗http://www.hydro.washington.edu/lettenmaier/models/ vic/operation/info/soiltext.htm͘ ͑2002͒. The Manning overland flow roughness for different land uses was estimated from Bedient and Huber ͑1992͒ and HEC ͑1998͒, and the roughness of channel flow was estimated by referring to Chow ͑1959͒, Barnes ͑1967͒, and Maidment ͑1993͒, according to the Strahler channel order ͑Strahler 1957͒. Infiltration parameters were estimated based on soil types and land use maps. For easier reference, initial numerical values of principal model parameters for the 12 USDA soil texture classes, 24 USGS land uses, and six Strahler channel orders are shown in Tables 1 and 2 , which are estimated on physical grounds.
Although the model is physically based, the model still needs calibration because of the uncertainty of the information on topography, soil characteristics, and land use. Nonetheless, the TOPKAPI model calibration did not use a curve fitting process, but was chiefly based upon moderate variations of parameter values from the ones estimated on physical grounds. The TOPKAPI is described as a physically based, spatially distributed model. Accordingly, the model should be validated against internal data as well as the catchment outlet response, e.g., discharge at internal gauging stations or well levels ͑Ambroise et al. 1995; Feyen et al. 2000; Vázquez et al. 2002͒ . 
Results and Discussion
For the Yihe River test basin, continuous hydrometerological dataset in time between the years of 1994 and 1995 was selected for model calibration, while the dataset of 1996 was chosen for model evaluation. For investigating the similarity of the model parameters estimated at different time steps, two models of the Yihe River test basin were developed for daily and hourly time steps with a computation grid size of 1 km. The hourly TOPKAPI model was run using the parameters estimated from the daily TOPKAPI model. Simulated hydrographs at Dongwan are shown together with the observed values for hourly time steps in Fig. 2͑a͒ , and for daily time steps in Fig. 2͑b͒ . It can be seen that good simulation results are obtained for both daily and hourly time step models for the hydrological station of Dongwan, which demonstrated that the TOPKAPI model is a time-scale independent model.
For the Huaihe River test basin, the hydrometerological dataset in the year of 1998 was selected for model calibration, since in early August of that year, a major flood event with a peak discharge of 4,780 m 3 s −1 was observed. Using calibrated model parameter values, the TOPKAPI was validated using the dataset of May 1-October 31, 2002. Comparison of observed and simulated hydrographs is shown in Figs. 3 and 4 , respectively. The model calibration and validation performance statistics are shown in Table 3 .
For the Qingjiang River test basin, the TOPKAPI model was developed for an hourly time step with a computation grid size of 1 km. With a view to investigating the potential application of the TOPKAPI model for flood forecasting, the hourly TOPKAPI model was run based on the default parameter values by referring to Tables 1 and 2 . It was shown in Fig. 5 that the model performed well in simulating the floods that occurred in 1973 for the Changyang station located at the outlet of the river basin.
Conclusions
TOPKAPI is a grid-based physical rainfall-runoff model with parsimonious parameterization. Computation is done on a computational grid usually based on the basin DEM. The parameter values of the TOPKAPI model can be obtained from digital elevation data, soil maps, vegetation, and land use maps. Model calibration was chiefly based upon moderate variations of parameter values from the ones estimated on physical grounds.
Application of the TOPKAPI model to three test catchments revealed that the model performed well in simulating floods at the grid scale of 1 km and for three different time steps: hourly, 6 hourly, and daily. The computational efficiency of the TOPKAPI model was also examined. It is not anticipated that the computation time for the TOPKAPI model in the catchments would be the limiting factor.
The TOPKAPI model is a comprehensive process-based model that can offer wide-ranging capability for flood forecasting application and has a clear potential for PUB, since basin surface data, such as topography, soils, and land use/land cover required by the model, can be derived from public domains through the Internet, together with improved data precision.
